The influence of imperfections and growth-related disorder on the current-voltage characteristics of doped superlattices is investigated theoretically. It is demonstrated that the location of a defect can be directly identified from the current measurements. Such measurements can also be used as an estimate for the degree of microscopic disorder.
Introduction
When sufficiently doped or optically excited, semiconductor superlattices exhibit the formation of electric field domains for charge transport along the growth direction. This gives rise to the occurrence of a multistable series of branches in the current-voltage characteristic, as has been demonstrated both experimentally [1, 2] and theoretically [3, 4] . While theoretical models which assume a "perfect" superlattice are able to explain the principal features observed in the experiments they yield a strictly regular sequence as opposed to the measured characteristics, where the different branches vary considerably in length.
Although seemingly random, those characterstics can be reproduced in detail, even for measurements on different superlattice samples of the same wafer [5] . It is thus reasonable to assume that the distinct irregular shape of a characteristic is the result of microscopic spatial fluctuations of growth parameters such as layer thickness or doping density along the growth direction. The observation that in-plane fluctuations like interface roughness obviously do not play a role for the individual shape of the current-voltage characteristic of a sample can be understood if one keeps in mind that their length scales of typically some nm [6] are small compared to the sample dimensions of the order of 100 µm (cf. e. g. [2] ), so they are effectively averaged out.
Simulating disorder
As we are considering vertical transport in n-doped superlattices we can limit our calculations to a one-dimensional description of the conduction band. To simulate charge transport we use a simple rate equation model for the electron concentrations in the different quantum wells derived in Ref. [3] for the case of an "ideal" superlattice. In order to deal with varying layer thickness we introduce a "local" lattice constant [5, 7] .
For the widths of the individual layers of a sample we assume that they can deviate by one monolayer from the nominal values l and b of the well and barrier widths due to irregularities during the growth process. We thus use a sequence of N values l i ∈ {l, l + ∆l, l − ∆l} for the widths of the wells, as well as another sequence of N − 1 values b i ∈ {b, b + ∆b, b − ∆b} for the barriers. Here, N is the total number of superlattice periods, and ∆l, ∆b are the widths of one monolayer (≈ 2.8Å for both GaAs and AlAs). The degree of disorder is then given by the number of smaller and wider wells (or barriers, respectively).
To 
Current-voltage characteristics of imperfect superlattices
We have calculated the j(U ) characteristics of a GaAs/AlAs superlattice with N = 40 periods, l = 90Å, b = 15Å and a nominal doping density of N D = 6.7 · 10 17 cm −3 . The principal results, however, do not depend on those specific values. Fig. 1 (a) shows the current-voltage characteristic of a superlattice whose 25 th well is wider by one monolayer. One can clearly see that the periodic pattern of the sequence of branches is disrupted around branch no. 25, counted from the right. This can be explained with the help of the corresponding spatial field distribution depicted in Fig. 1 (e) . While for very small voltages U an almost homogeneous field distribution exists, a high-field domain forms at the cathode (near well no. 40) for about U = 0.1 V. With increasing applied voltage this high field domain expands across the superlattice structure period by period. In the characteristic this leads to the occurrence of current branches, where consecutive branches correspond to a location of the electron accumulation (forming the domain boundary) in neighbouring quantum wells [2] . The field distribution shows that within both the high-field and low-field region the fields across the 25 th and 26 th barrier are slightly distorted. This is in order to compensate for the shift of the energy levels in the 25 th quantum well due to its different width, as the current across each barrier must be equal in the stationary state [5] . For the same reason the voltage at which the domain boundary expands across those periods is slightly changed compared to the case of a strictly periodic superlattice structure.
In Fig. 1 (b) the simulated characteristic of a sample with a thinner 14 th barrier is depicted. Again, we see a local deviation in the lengths of those two branches that correspond to the wells adjacent to the perturbation. To satisfy current conservation the field across the thinner barrier must be lower than elsewhere, which, like in (a), leads to a shift in the voltage at which the domain boundary crosses that period. In a sample with multiple defects each of them has a local effect in the characteristic, and they can still be localized easily (cf. Fig. 1 (c) ). Only if the number of imperfections is so large that the periodicity of the sample is lost and the influences of adjacent perturbations on the field distribution interact, they can no longer be distinguished in the characteristic (Figs. 1 (d), (f) ). 
Quantitative analysis
Instead of numerically solving the time-dependent rate equations with appropriate initial conditions one can also directly compute the fixed points of the dynamic system, i. e. its (stable or unstable) stationary states. Fig. 3 demonstrates that the different branches visible in the simulated (or measured) up-sweep and down-sweep characteristics are part of a single continuously connected stationary characteristic whose stability alternates via saddle-node bifurcations. It can be shown that the current density j at any such bifurcation which marks the end of a stable branch is directly related to the doping density of the respective well. To illustrate this, we have labeled each branch in the inset of Fig. 3 with the relative deviation e i of the corresponding well from the nominal doping density of N D = 6.7 · 10 17 cm −3 . The dotted horizontal line corresponds to a perfect superlattice,
The larger the deviation of the local doping density is, the more differs the current density j at the corresponding bifurcation point from that dotted line. Thus the degree of disorder can be directly read off from the maximum currents of the different branches.
Conclusions
In conclusion we have demonstrated that microscopic growth-related disorder and imperfections have a direct influence on the detailed shape of the macroscopic current-voltage characteristic. With increasing voltage the domain boundary scans the sample period by period from the cathode to the anode. The resulting current-voltage characteristic thus represents a "fingerprint" of the growthrelated imperfections where the voltage at which a deviation from the periodic branch structure occurs is directly related to the spatial location of an imperfection within the sample.
